We propose a 64-quadrature-amplitude-modulation (QAM) vector radiofrequency (RF) signal generation and detection via one intensity Mach-Zehnder modulator (MZM) by using optical carrier suppression modulation. In order to obtain an ordinary QAM modulated RF signal after the square-law detection of the photodiode, amplitude preequalization and phase precoding technique are employed. The 1Gbaud 64QAM vector signals performed on various RF carrier frequencies from 20 to 444 GHz are experimentally demonstrated. The bit-error-rate (BER) performance of unbalanced phase precoding adopting 64QAM modulation is investigated. The digital filter based on blind Decision-Directed Least-Mean-Squares (DD-LMS) algorithm is the key digital-signal-processing, which is used to improve system performance. This concept of the generation of 64QAM-modulated vector signal can be employed in the radio-over-fiber (ROF) system.
Introduction
With the seamless connection to the future wireless communication and space communication, the radio-over-fiber (ROF) system based on the radio frequency (RF) and millimeter-wave (mm-wave) can provide ultra-capacity with wide bandwidth [1] - [5] . Recently, the ROF or optical-wireless systems based on vector photonics technology on RF and mm-wave carrier attracted a lot of attention [6] - [10] . There are two main methods to generate vector photonics signal on RF: intensity modulation by a Mach-Zehnder modulator (MZM) and phase modulation by an optical phase modulator. Both of them are external modulation. Compared to external intensity modulation via MZM, phase modulation is with higher optical signal-to-noise ratio (OSNR) due to a smaller insertion loss and higher stability without the requirement of DC. However, extra expensive wavelength filter (such as WSS) is required to select the right wavelengths for the RF vector signal generation. This will also decrease the OSNR, which is not suitable for high-order quadrature amplitude modulation (QAM) vector signal. By using optical frequency multiplication technologies, such as optical carrier suppression (OCS) scheme [5] , [6] , vector signal with higher optical RF can be generated with low frequency RF driving signal. Furthermore, vector RF modulation can be well combined with digital coherent detection and efficiently improve spectral efficiency and receiver sensitivity [6] - [20] . With the utilization of advanced digital signal processing (DSP), the vector RF signal generation and transmission became a hot research topic recently [6] - [20] . However, in these demonstration, only quadrature phase shift keying (QPSK) [7] - [9] , 8QAM [7] , [10] , and 16QAM [11] , [18] vector RF signal generation based on precoding technique has been demonstrated. Compared to QPSK, 8QAM, and 16QAM, 64QAM has a higher spectral efficiency and may be adopted in future high speed optical communication, but the shorter Euclidean distance of 64QAM makes it more sensitive to the nonlinear effect in the MZM and the impairment caused by photodiode (PD) [21] . Specially, phase pre-coding is an essential scheme in all aforementioned photonic vector signal generation because of the phase doubling effect by PD. Thus, it is interesting to investigate the 64QAM vector RF signal generation based on OCS modulation, as well as precoding technique with heterodyne detection based on advanced DSP [22] - [24] .
In this paper, we investigate and experimentally demonstrate a 64QAM vector signal generation at 20∼44 GHz frequency based on OCS modulation via a single MZM modulator. At the receiver, DSP with large-tap Decision-Directed Least-Mean Square (DD-LMS) equalization is used to improve the system performance. We also investigate the generated 20-GHz 64QAM vector signal from 1 to 4Gbaud with a bit-error-ratio (BER) less than the enhanced forward-error-correction (eFEC) threshold of 2e-2.To our knowledge, this is the first time to demonstrate 64QAM vector RF signal generation based on OCS modulation and precoding technique with advanced DSP at the receiver side. Fig. 1 shows the principle for high-order QAM photonic vector signal generation at RF & mm-wave bands based on OCS technique [5] , [6] . First, a pseudo-random binary sequence (PRBS) sequence at the length of 2 15 -1 is used for the 64QAM signal mapping. The generated high-order 64QAM signals are processed by amplitude and phase precoding. The amplitude precoding is used to precompensate the impairment of the nonlinear effect by the MZM. We assume the bias-to-half-wave voltage ratio in the MZM is 2.5 during the amplitude precoding. The constellation for the 64QAM vector signal with amplitude precoding is shown as Fig. 1(a) . The assuming optical-to-electrical (O/E) conversion by PD follows the square-law rule, and the output current of the PD for the optical sidebands with orthogonal phase is direct current signal. For the generated RF signal after PD, both the frequency and phase components will be doubled, which will cause the constellation convergence. To avoid the phase convergent effect by PD, further phase precoding is utilized. The pre-coded constellations will be re-located in the first and second quadrants after the phase is reduced by half [16] . The constellation for the 64QAM vector signal with further phase precoding is shown as Fig. 1(b) . For comparison, the constellation for the 64QAM vector signal before precoding is shown as Fig. 1(c) . The I and Q branches of the 64QAM precoding signal are up-converted into two intermediate-frequency (IF) signals at f by mixing with two sinusoidal RF signals with quadrature phase at 90 0 , respectively. The summation component of the two IF signal is used to drive the MZM, which is biased at the null point to realize the OCS modulation. Then the photonic vector signals with two sidebands spaced by 2f, which are subsequently used for photonic detector (PD) detection, are generated. The continuous-wave (CW) lightwave from the laser is modulated by the precoded vector signal. The precoded vector signal at the frequency of f is first generated by Matlab program before it is loaded into a Field Programmable Gate Array (FPGA) programmed high speed digital-to-analog converter (DAC). In our scheme, the unbalanced [9] phase precoding [16] are studied. After the fiber transmission, the 64QAM vector signal at RF band is O/E converted by balanced PD (BPD), which takes the advantages of noise cancellation and simply electrical signal amplification. An electrical amplifier (EA) is used for the power boost before it is sent to the antennas for wireless link. At the user end, the electrical wireless signal is firstly down-converted to IF band, which is sent to the analog-to-digital converter (ADC) to realize the A/D conversion at the user end. Finally, the digital equalization is utilized for the 64QAM signal retrieve. In this paper, for the sake of simplicity, only the wired link case was studied experimentally in the next experimental setup part. Fig. 2 shows the proof-of-concept experimental setup for the 1Gbaud 64QAM vector signals performed on various RF carrier frequencies from 20 to 44 GHz. The CW at 1553.3 nm is generated by an external cavity laser with the linewidth smaller than 100 kHz. The digital electrical 64 QAMmodulated precoded vector signals at 20∼44 GHz is generated offline by Matlab programming with 2 15 -1 PRBS generation, 64QAM mapping, amplitude pre-equalization, phase precoding, fourthorder Bessel low pass filtering with cut-off frequency of 8 GHz, and up-conversion. Then the digital vector signal is uploaded into a FPGA programmed DAC with a sample rate of 88 GSa/s and 3-dB bandwidth of 22 GHz. The electrical spectrum of the 64QAM vector signal at 204 GHz is shown as Fig. 2(a) . The baud rate of the phase-precoding 64QAM signal is 1, 2, and 4 Gbaud, respectively. After the electrical power amplification by a broadband electrical amplifier (EA) with a 3-dB bandwidth of 40 GHz, the generated 64QAM-modulated vector signal is used to drive a MZM, which is bias at the null point, to generate photonic vector signal. The MZM has 3-dB bandwidth of ∼324 GHz, the half-wave voltage V π of 2.4V and insertion loss of 5 dB.
Principle for 64QAM photonic vector signal generation at RF and mm-wave bands based on optical carrier suppression technique

Experimental Setup and Results
The optical spectrum with resolution of 0.02 nm after the MZM is shown in Fig. 3 . For the optical RF signal with two first-order sidebands at 20, 40 and 444 GHz wavelength spacing, the optical carrier suppression ratio (OCSR) is 20, 17 and 16 dB, respectively. The OCSR for the 444 GHz optical mm-wave is 4-dB worse than the 204 GHz optical RF signal due to the electrical bandwidth limitation of the MZM. The power of the optical RF signal with two first-order sidebands at 204 GHz wavelength spacing after the MZM is 3 dBm. After the optical power amplification by an Erbiumdoped fiber amplifier (EDFA), the optical RF vector signal is detected by a high-speed BPD with a 3-dB bandwidth of 504 GHz. Fig. 2(b) shows the electrical spectrum for the 64QAM-modulted 20-GHz vector signal. After the electrical power boost by an EA with a 3-dB bandwidth of 60 GHz, the 64QAM modulated RF vector signal is analog-to-digital (A/D) converted and sampled by a digital oscilloscope (OSC) with 80-GSa/s sampling rate and 30-GHz 3-dB bandwidth. The captured data are post-processed by advanced digital signal processing (DSP). First, the digital signal is processed by digital down-conversion and ×2 re-sampling. Second, the 31-tap digital butterfly filters based on constant modulus algorithm (CMA) and followed by multi-modulus algorithm (MMA) are utilized for the modulus equalization. For carrier recovery, the fourth power Viterbi-Viterbi algorithm is employed to estimate the residual frequency offset. The phase recovery is obtained by using feed-forward blind phase search (32 phase test values). After that, the lager-tap digital butterfly filters based on DD-LMS algorithms are used for further phase noise removal. The principle of the DD-LMS is shown as Fig. 2(c) . A four real-valued, T/2-spaced butterfly configured adaptive digital FIR filters are utilized. R i (n) and R q (n) are the n th input in-phase (I) and quadrature (Q) signals of the filters. Z i (n) and Z q (n) are the n th output of the filters. D i (n) and D q (n) are the decision results (with ideal normalized 64QAM) of the I and Q signals. The error function, which is used for DD-LMS filters tap weight updating, is calculated by D(n) and Z(n). By this kind of independent equalization of I and Q signals, the phase of the 64QAM signal will be further recovered. Finally, the bit-error-ratio (BER) is calculated after differential decision.
We measure the BER performance of the 64QAM vector signal with 204 GHz RF frequency with the baud rate of 1, 2 and 4Gbaud, respectively in Fig. 4 . The BER performance becomes worse with the increased baud rate of the 64QAM signal. It can be seen that maximum baud rate is 3 Gbaud below the eFEC of 2e-2. The constellation for the 1Gbaud case with BER of 6.5e-4 is inset in Fig. 4. Fig. 5 shows the measured BER performance of the 1Gbaud 64QAM vector signal at 204 GHz RF frequency as a function of different digital filter taps based on DD-LMS algorithm in the receiver DSP. It is known that the 64QAM signal is much more sensitive to the phase noise than QPSK, 8QAM and 16QAM signal, for which the taps of DD-LMS is around 11 to 33. Thus the taps of DD-LMS for 64QAM should be larger. We can see in Fig. 5 that there is a performance gap in the BER curve. The taps with the minimal BER based on DD-LMS is 301 by the test number from 100 to 350. The performance by filters based on DD-LMS with tap number more than 301 decreases due to inaccurate phase correction information by too larger convergence information. On the other hand, too larger taps will results in extremely implementation complexity in real-time system. Fig. 6 shows the BER performance for the 1Gbaud 64QAM vector signal as the function of RF carrier frequency from 20 to 44 GHz. Although the performance is going worse because of the electrical bandwidth limitation, the BER for the 1Gbaud 64QAM signal with 44 GHz mm-wave is still below the eFEC of 2e-2.
Conclusion
We have experimentally demonstrate a 64QAM vector signal generation at 20∼444 GHz frequency via a single MZM modulator. Optical carrier suppression modulation scheme has been utilized to double the RF frequency in optical domain. Amplitude and phase precoding have been introduced into the transmitter to pre-compensate the nonlinear effect in MZM and phase converge effect by PD. In the DSP, large-tap DD-LMS equalization is used to improve the system performance. The generation and transmission of 64QAM vector signal on RF frequencies up to 44 GHz mm-wave has been experimentally demonstrated. The BER is less than the eFEC threshold of 2e-2. To our knowledge, this is the first time to demonstrate 64QAM vector RF signal generation based on OCS modulation and precoding technique.
